Abstract Electromyography (EMG) of the shoulder girdle is commonly performed; however, EMG spectral properties of shoulder muscles have not been clearly defined. The purpose of this study was to determine the maximum power frequency, Nyquist rate, and minimum sampling rate for indwelling and surface EMG of the normal shoulder girdle musculature. EMG signals were recorded using indwelling electrodes for the rotator cuff muscles and surface electrodes for ten additional shoulder muscles in ten healthy volunteers. A fast Fourier transform was performed on the raw EMG signal collected during maximal isometric contractions to derive the power spectral density. The 95% power frequency was calculated during the ramp and plateau subphase of each contraction. Data were analyzed with analysis of variance (ANOVA) and paired t tests. Indwelling EMG signals had more than twice the frequency content of surface EMG signals (p<.001). Mean 95% power frequencies ranged from 495 to 560 Hz for indwelling electrodes and from 152 to 260 Hz for surface electrodes. Significant differences in the mean 95% power frequencies existed among muscles monitored with surface electrodes (p=.002), but not among muscles monitored with indwelling electrodes (p=.961). No significant differences in the 95% power frequencies existed among contraction subphases for any of the muscle-electrode combinations. Maximum Nyquist rate was 893 Hz for surface electrodes and 1,764 Hz for indwelling electrodes. Our results suggest that HSSJ (2011) Each author certifies that he or she has no commercial associations (e.g., consultancies, stock ownership, equity interest, patent/licensing arrangements, etc.) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. when recording EMG of shoulder muscles, the minimum sampling frequency is 1,340 Hz for surface electrodes and 2,650 Hz for indwelling electrodes. The minimum sampling recommendations are higher than the 1,000 Hz reported in many studies involving EMG of the shoulder.
Introduction
Kinesiologic electromyography (EMG) is one of the tools available for researchers and clinicians to evaluate muscle function and activation patterns during functional tasks [29, 35] . Selection of the type of electrode used during these measurements is based upon several factors, including the location of the muscle of interest, the need for specificity, and the requirement of minimization of cross-talk between adjacent muscles. Deep muscles require the use of finewire electrodes, while superficial muscle activity can be detected with surface electrodes [4, 14, 28] . At the shoulder, the subscapularis is inaccessible for recording with surface electrodes, while the anterior deltoid is accessible. In addition, the use of indwelling electrodes allows one to distinguish between the upper and lower portions of the subscapularis muscle [7] . However, as this is an invasive procedure with associated insertional discomfort, the number of indwelling electrodes is often kept to a minimum. Thus, when multiple muscles are studied, some will have EMG recorded with surface electrodes and some with indwelling electrodes [6, 7, 19] .
An ad hoc committee of the International Society of Electrophysiological Kinesiology (ISEK) set the original standards for capturing and reporting kinesiologic EMG results. They described the signal frequency range for indwelling (finewire) and surface EMG [38] . Specifically, signal frequencies for indwelling EMG ranged from 0.1 to 10,000 Hz, while surface EMG ranged from 1 to 3,000 Hz. Standards for surface EMG recordings were published by the European Recommendations for Surface Electromyography for the SENIAM project [1] . These recommendations suggest a sampling rate of greater than 1,000 Hz to capture a maximum signal frequency of 500 Hz.
In practice, due to hardware and computing limitations, muscle activity is often measured at the lower end of this range using sampling frequencies from 1,000 to 1,200 Hz and lowpass filtered at 350 to 500 Hz [2, 6] . A disadvantage of undersampling a signal is that any higher frequency signals are discarded. Thus, the recorded signal is distorted as the higher frequencies are aliased as lower frequencies. For signal processing, aliasing refers to the effect that causes the high frequency component of continuous signals, in this case, the EMG signal, to become indistinguishable (or aliased) from the lower frequency component of the signals. This can be prevented by sampling at the Nyquist rate (i.e., a rate that is twice the maximum frequency of interest) [27, 31] .
The effect of sample rate selection on surface EMG timing and amplitude is highlighted by a study conducted by Ives and Wigglesworth [16] . The authors collected EMG of the triceps brachii using surface electrodes, a sampling rate of 6 kHz, and an amplifier bandwidth of 20 Hz to 2 kHz. Signals were then resampled at 3, 1, 500, and 250 Hz to determine, post hoc, the effect of lower sampling rates. They determined that the EMG spectrum of this muscle was contained within 500 Hz, and thus, the Nyquist rate was 1 kHz. Undersampling at 500 and 250 Hz had significant effects on the accuracy of the onset latency and burst duration measures, as well as on the amplitude of the signal. They documented an 11.4% decrease in EMG amplitude when the signal was resampled at 250 Hz. When the signal was resampled at 1 kHz, the amplitude decreased by only 2.4%. As amplitude is a common outcome in kinesiologic EMG studies, these findings suggest that investigators should choose an appropriate sampling rate that minimizes aliasing of the signal EMG spectral properties, or the distribution of frequencies contained within the signal, have been studied in a variety of muscles [17, 22, 23, 31, 32, 36] . Tesch et al. [36] found the quadriceps to have a maximum frequency content of 500 Hz when using surface electrodes. Kumar et al. [22, 23] examined cervical muscles and found the splenius capitis and sternocleidomastoid to have 400-and 200-Hz maximum frequencies, respectively. Schweitzer et al. [32] studied the inspiratory diaphragmatic EMG via esophageal electrodes with a bandwidth of 25 to 250 Hz. However, there is a lack of available literature describing EMG spectral properties of the muscles of the shoulder complex. The EMG spectral characteristics of the middle deltoid [31] and the biceps brachii [12] recorded with surface electrodes were reported to be less than 200 Hz, but these characteristics have not been reported for other shoulder muscles.
While other investigators have published results that detail the median frequency of EMG for shoulder muscles, we found no published studies evaluating the EMG power spectrum of the frequency content of the rotator cuff muscles despite their routine use in research and clinical evaluations of individuals with rotator cuff tears or athletes during sports activities [3, 17, 18, 20, 25, 26] . Therefore, it is important to document the frequency content of the EMG signals of these muscles to ensure that appropriate sampling rates are used. The content may be different for muscles that use indwelling vs. surface electrodes.
To properly select a sampling rate for data collection of kinesiologic EMG for a specific muscle, the highest frequency of interest for the muscle must be known. This can be accomplished with a power spectrum analysis. Once the frequency content of the signal (the spectrum) has been calculated; the frequency that contains 95% of the power of the signal (95% power frequency) can be determined. According to the SENIAM recommendations, the remaining upper 5% of the power spectrum is electrode and equipment noise. The cutoff of 95% power frequency is used in other signal processing algorithms to capture the majority of the signal in the power spectrum and minimize the inclusion of noise in the recorded signal [33, 34] .
During maximal voluntary isometric contractions collected as part of routine testing, there is a ramp subphase when muscle activity and force increase from zero until the plateau or peak amplitude is reached. The characteristics of the fibers recruited may be different during these two subphases, and thus, characteristics of the spectrum may be different in these two subphases. During isometric contractions, muscle recruitment occurs according to Henneman size principle [15] . The small muscle fibers with the lowest conduction velocities are recruited first followed by the larger muscle fibers with faster conduction velocities. As the frequency of the EMG is influenced by the conduction velocity of the muscle fibers active during the contraction, the frequency content of the signal can change as force increases and additional fibers are recruited [11, 30] . A spectral shift to higher frequencies occurs as the fast twitch muscles are recruited. The sampling rate should be sufficient to capture data regardless of the subphase, ramp or plateau, during muscle contraction.
Despite recommendations to sample at twice the frequency of interest in a given muscle, real equipment limitations may exist. If equipment limitations only allow data collection at 1,000 Hz, a scenario could occur in which a typical low-pass filter is set at 350 Hz to meet the criteria of a setting <500 Hz (1/2 of the 1,000 Hz sampling rate) [37] . These settings are common practice with previous standards for EMG equipment and software memory limitations. An understanding of the effect of a narrower bandwidth on the recorded signal is needed. The clinical and research question that remains is what amount of signal will be lost if data collection occurs at a low frequency and with a narrow band-pass [5, 10, 20] .
To address this problem, we designed a cross sectional study to determine proper sampling rates in select shoulder muscles, as measured with the appropriate electrode type (surface vs. indwelling). The following specific aims were proposed to 1. determine the 95% power frequency of selected shoulder muscles and electrode combinations; 2. establish the Nyquist rate for these same muscle and electrode combinations; 3. test the hypotheses that differences exist in the maximum 95% power frequency between muscles within each electrode type, regardless of subphase and in the mean 95% power frequency between electrode types, regardless of muscle; 4. test the hypothesis that the 95% power frequency for a given muscle-electrode combination would differ based on the subphase of contraction (ramp vs. plateau); and 5. determine the percentage of total power spectrum that is retained when shoulder EMG signals are low-pass filtered at 350 Hz.
Materials and methods
The following protocol was approved by our institutional review board, and informed consent was obtained from all enrolled subjects. The ten healthy subjects had no history of musculoskeletal injury or pathology, pain, or surgery in the [19, 20] . For each muscle, only those isometric trials where the muscle had either a primary or a secondary role were used for analysis ( Table 2) . Each EMG signal was measured using the MA300 (Motion Lab Systems, Baton Rouge, LA). The surface electrodes were stainless steel, 12 mm in diameter with an 18-mm interelectrode separation. The premanufactured indwelling electrodes were inserted via 25-gauge hypodermic needles with a 1-cm separation at the insertion site (Cardinal Health, Dublin, OH). Each indwelling electrode was insulated stainless steel, 0.08 mm in diameter with the last 2 mm stripped for an exposed area of 0.51 mm 2 . Each indwelling electrode was visually inspected prior to insertion. The MA300 system is comprised of surface and wire preamplifier electrode assemblies, a backpack signal conditioning multiplexer circuit that transmits the modulated signal over a single coaxial cable, and a demultiplexer. The preamplifier assemblies incorporate two-pole high-and low-pass filters with a 10-Hz to 3.5-kHz −3-dB response. The backpack contains a tenthorder linear phase root raised cosine low-pass filter that was set at its maximum bandwidth of 2,000 Hz. Each EMG signal was then sampled at 5 kHz using a National Instruments 12 bit A/D converter.
Maximum voluntary isometric contractions (MVICs) were performed for each muscle (Table 2) [5, 19] . Each isometric contraction was divided into two subphases, the ramp and the plateau (Fig. 1) , defined as follows. Using Visual3D software (C-Motion, Germantown, MD), the raw EMG signal was first rectified. A linear envelope of the rectified signal was obtained by low-pass filtering at 3.14 Hz. The slope (rate of amplitude change) of the envelope was calculated by taking the first derivative. The raw signal, the linear envelope, and the slope were then exported to MATLAB (Mathworks, Natick, MA) software for further processing.
The ramp subphase was defined as the 1,024 samples (0.2 seconds) after the first point in the recording where both the slope and the magnitude of the linear envelope exceeded 30% of the maximum slope and magnitude, respectively, over the entire recording. The plateau subphase was defined as the 4,096 samples (0.8 seconds) following the first point in the recording after the ramp subphase where the magnitude of the linear envelope exceeded 70% of its maximum over the entire recording.
The 30% and 70% levels provided consistent results when used with the automated algorithm for processing the data. With a percentage <30% of the maximum slope, small changes in slope did not correspond to the beginning of the isometric contraction and gave spurious results. Similarly, at 70% of the maximum of the linear envelope, we captured the portion of the EMG signal during a steady-state contraction.
A fast Fourier transform was then performed on the raw EMG signal data, which were divided into the ramp and plateau subphases, to derive the power spectral density. The 95% power frequency was calculated for each muscle, for both subphases. Also, the maximum 95% power frequency for each muscle was determined as the highest value obtained during a contraction, regardless of subphase. Descriptive statistics, including mean and standard deviations (SDs), were calculated of the 95% power frequency. To determine the upper boundary for data sampling for 95% of the population, the Nyquist rate was calculated for each muscle as follows [27] :
Lastly, we calculated what percentage of the power spectrum would be captured in the EMG signal when the bandwidth was set from 10 to 350 Hz instead of the original 10 to 2,500 Hz bandwidth. The power spectra of the signals for all subjects were generated using MATLAB software, and the aggregate power for all frequencies <350 Hz was calculated. The powers still present in this narrower bandwidth were reported as a percentage of the total power contained in all frequencies present in the original 10 to 2,500 Hz bandwidth.
Descriptive statistics were calculated for the 95% power frequencies for both bandwidth settings. An ANOVA was used to determine if a difference existed between the maximum 95% power frequencies among muscles within the same electrode type. The maximum 95% power frequency was averaged within a subject for each electrode type so mean maximum 95% power frequencies for surface and indwelling electrodes were determined. These means Muscles where indwelling electrodes were used are italicized for each subject were compared between electrode types with paired t tests. Within each muscle-electrode combination, paired t tests were calculated to determine the effects of subphase. For all statistical tests, a Bonferroni correction was used with an α of .05.
Results
The time and frequency domains of a typical shoulder indwelling EMG signal are shown in Fig. 2 . The 2 SDs about the means are plotted in Fig. 3 and listed along with the upper limits (ULs) (mean + 2 SDs) and Nyquist rate in Table 3 for each muscle, for both subphases.
The indwelling EMG signals, shown in italics in Table 3 , had more than twice the frequency content of the surface EMG signals. The ULs of the 95% power frequencies were all ≤882 Hz with indwelling electrodes and ≤446 Hz for surface electrodes.
A significant difference was found among muscles whose signals were recorded with surface electrodes (p=.002). Post hoc analysis Tukey B results are included in Table 4 . No differences were found among muscles whose signals were recorded with indwelling electrodes (p=.961).
Significant differences were found when comparing the mean maximum 95% power frequencies recorded between electrode types (Table 5) . No difference existed in the 95% power frequency between the subphases of contraction (ramp vs. plateau) for any muscle-electrode combination.
At the narrower bandwidth of 10 to 350 Hz, a minimum level of 95% power frequency was met for all of the surface muscles (Fig. 4) . For muscles with indwelling electrodes, an 83±3% power frequency was recorded at this narrower bandwidth setting. 
Discussion
The frequencies of the EMG signal recorded with surface and indwelling electrodes are comparable to those documented in the lower extremity, cervical spine, and selected upper extremity muscles [23, 36] . The mean 95% power frequencies ranged from 152 to 260 Hz for surface electrodes and from 495 to 560 Hz for indwelling electrodes.
The decision to use the 95% level was reinforced as we proceeded through this project based on the display of data for each subject and for each muscle. The samples of typical data tracings of the power spectrum plots (power vs. frequency, Fig. 2 ) illustrate the common finding that at higher frequencies, the power was zero. The frequencies higher than this cutoff were interpreted to be higher frequency electrode and equipment noise.
By calculating the UL of the frequency of interest as the mean + 2 SDs of the 95% power frequency, we should encompass ≥95% of the population's values. The highest Nyquist rate recorded was in the latissimus dorsi (893 Hz) for surface electrodes and in the upper subscapularis (1,764 Hz) for indwelling electrodes. These values represent the minimum frequency that should be selected if the entire spectrum is the outcome measure of interest. If, however, we follow the ISEK recommendation of sampling EMG greater than twice the frequency of interest and the more conservative value of triple-not double-the UL, then shoulder muscles studied with surface EMG should be sampled at ≥1,340 Hz. Shoulder muscles studied with indwelling EMG should be sampled at ≥2,650 Hz.
The higher frequencies measured with the use of indwelling electrodes as compared to surface electrodes are consistent with ISEK standards as well as previous literature [26, 28, 35, 38] . Within the rotator cuff muscles, all with indwelling electrodes, no systematic or significant differences in the 95% power frequencies were recorded regardless of subphase. This was not the case in the muscles where surface electrodes were used. The 95% power frequency was lower for all three parts of the trapezius as compared to the latissimus dorsi. The trapezius, with its direct attachment to the spine, acts both as a postural support muscle and an active shoulder mover, and thus, the lower firing rate is consistent with the firing rates in cervical muscles [22] . For the muscles tested with surface electrodes whose 95% power frequencies were in the mid range (posterior deltoid, serratus anterior, biceps brachii, anterior deltoid, and pectoralis major), no differences were found among these muscles. Unless individual sampling rates are used, the overall guideline of 1,340 Hz frequency will still hold for this group when data are recorded with surface The UL, Nyquist rate, and triple the UL (3× UL) are included. All values are in Hz Fig. 3 . Two SDs about the mean for the ramp and plateau phases of the MVIC. The muscle names are italicized when an indwelling electrode was used for recording electrodes. Like the lower extremity, choice of electrode (surface or indwelling) appears to outweigh the difference among muscles when the frequency content of the recorded EMG signal is the variable of interest [28] . There may be something unique about the rotator cuff muscles, and they might have continued to have higher frequencies even if a surface electrode was used. However, the choice of electrode was more likely the determining factor. It should be pointed out that this question could only be decidedly tested if both surface and fine wire electrodes were used on the muscles simultaneously, which was not, however, our main purpose.
EMG signals were recorded only during MVICs. In previous work with surface EMGs, the power spectrum shifted to lower frequencies when muscles were fatigued [8, 9, 13] . Also, as compared to concentric contractions, a similar shift in the power spectrum to lower frequencies occurred when eccentric contractions were performed [24] . Finally, even during contractions at various intensity levels, no significant change in the spectral characteristics was noted despite changes in signal amplitude [9, 21] . Thus, these sampling recommendations should not be sensitive to fatigue, type of contraction, or intensity level.
No differences were observed in the 95% power frequencies for a given muscle-electrode combination based on the subphase of contraction (ramp vs. plateau). This implies that, despite the increasing force of contraction as a subject performs an isometric contraction, the Nyquist rates established here are sufficiently high to capture data regardless of the subphase. The higher signal amplitude during plateau did not correspond to a higher signal frequency.
The narrower bandwidth analysis confirms that if researchers and clinicians are interested in the higher frequency portion of the EMG signal measured with indwelling electrodes, a higher sampling rate is required. With surface electrodes, no loss of frequency content occurred in the EMG signal. For indwelling electrodes, a consistent loss of higher frequency content of~15% was found. These results do not invalidate previous studies with surface electrodes, low-pass filtering, or decreased sampling rates if the range of frequencies of interest was lower.
Undersampling remains a potential concern for all signal recording. Researchers and clinicians should take advantage Means for groups in homogeneous subsets are displayed of improved technology, including increased computing power and data storage, by increasing the sampling rates for routine data collection of shoulder EMGs. As a conservative estimate to eliminate the risk of undersampling when using surface EMGs, shoulder muscles should be sampled at a minimum of 1,340 Hz; when indwelling electrodes are used, shoulder muscles should be sampled at a minimum of 2,650 Hz.
